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( t ) + Cx ( t) + Kx ( t) = Bf ( t ) + Buf u( t )
( 1)





应;M, C, K 分别为质量矩阵、阻尼矩阵和刚度矩阵;
f ( t )为已测外部激励向量; f u ( t )为未知外部激励向
量; B, B
u















其中: X 1= x ; X2= x
·
; X 3= [ k1 , k 2, ⋯, k m] T; X4= [ c1 ,















( t) - (C) X
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其中: ( C) X4为由未知阻尼参数向量X 4组成的阻尼
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X= g( X , f , f u, t ) ( 4)
　　通常结构上只安置有限的加速度传感器, 因此
结构观测方程为
Y[ k ] = DX 2[ k ] + v[ k] = 　　　　　　
Dr{ - ( C) X
4
X 2 [ k] - ( K ) X
3
X 1[ k] } +




[ k] + v[ k ] ( 5)




B; Gu= DM- 1Bu ; k 为 t= k t ( t为采样时间步
长)时刻; v[ k ]为测量噪声向量,假定其为均值为零、
协方差矩阵E [ vivTj ] = Ri ij的高斯白噪声,其中 ij为
Kroneker 算子。
离散后的观测向量可用以下非线性方程表示
Y[ k] = h( X [ k] , t [ k] ) + Gf [ k] + Gu f u[ k] + v[ k ]
( 6)
　　其中
h( X [ k] , t[ k ] ) = Dr{ - ( C) X
4
X 2 [ k] - ( K ) X
3
X 1[ k ] }
( 7)
　　由扩展卡尔曼预测估计 [ 10] , 有状态预测方程为
X
~[ k + 1 k ] = X~[ k k - 1] +∫
t[ k+ 1]
t[ k]
g( X, f , f u , t) dt
( 8)
　　最优增益矩阵为
K[ k ] = [ k] P[ k ]H
T
[ k] (H [ k] P[ k ]H
T




X [ k + 1 k] = X
~
[ k + 1 k] + K[ k ] {Y[ k ] -
h( X[ k k - 1] , f [ k] , f
u
[ k] , t) } ( 10)
　　估计误差协方差方程为
P[ k + 1 k] = [ k] P[ k]
T
[ k] - 　　　
　K [ k + 1]H [ k] P[ k ] T [ k] + Q[ k] ( 11)
其中: R为观测噪声v 的协方差矩阵。
　 [ k] ≈ I + tA[ k ] ( 12)
　A[ k] =
g i( X k, f , f u , t)
Xj X= X[ k k- 1] ; f = f [k] ; f u= f u[ k]
( 13)
　H [ k] =
h i( X , t )
X j X = X [ k k- 1]
( 14)
　　式( 13)和( 14)为矩阵求导,其中第( i , j )个元素
为函数的第 i个分量关于第 j 个变量 x j 求导。
2　最小二乘法估计未知激励
有了k+ 1时刻增广状态向量的估计值,利用递























{Y[ k + 1] - h( X [ k + 1 k] , t [ k + 1] ) -






可以基于 t= k t时刻的结构响应观测值( Yr [ 1] , Yr

















处,如图1所示。水平杆长2 m, 斜杆长 2 m ,截面
积A = 7. 854×10- 5m2 ,杆件弹性模量E= 2×108Pa,
材料密度为7 850 kg/ m
3
。杆件的刚度定义为EA / L ,
则水平杆的刚度为 7. 85 kN / m, 斜杆的刚度为
11. 11 kN/ m。结构阻尼采用Raleigh阻尼,假定1, 2
阶阻尼比为 1= 2= 0. 03, 可计算得到阻尼系数为
= 4. 151, = 2. 165 7×10- 4。
假设斜杆 和水平杆 均发生 20%的损伤,
损伤后 , 杆的刚度分别为8. 89和6. 28 kN/ m。
观测信息为节点1, 2, 3, 5的竖向加速度和节点4处
的横向及竖向加速度,白噪声激励未知。


























1 11. 11 11. 10 - 0. 06　11. 11 　11. 05 - 0. 52
2 11. 11 11. 18 0. 63 8. 89 8. 96 0. 79
3 7. 85 7. 99 1. 86 7. 85 7. 81 - 0. 46
4 7. 85 8. 03 2. 30 7. 85 8. 03 2. 33
5 11. 11 11. 17 0. 52 11. 11 11. 24 1. 19
6 7. 85 7. 65 - 2. 50 6. 28 6. 25 - 0. 48
7 7. 85 7. 81 - 0. 49 7. 85 7. 75 - 1. 29
8 11. 11 11. 04 - 0. 67 11. 11 11. 05 - 0. 52
9 11. 11 10. 99 - 1. 03 11. 11 11. 15 0. 37
10 7. 85 7. 80 - 0. 63 7. 85 7. 77 - 1. 03
11 11. 11 11. 00 - 1. 03 11. 11 11. 14 0. 29
从表1可以看出,损伤位置发生在杆 和杆 ,
损伤诊断误差分别为0. 79%和- 0. 48% ,具有很高
的精度; 从图2和图3可以看出,所提方法能准确地





1. 5 m , 杆件弹性模量 E= 2×10
8
Pa, 材料密度为
7 850 kg / m
3 ,梁截面积为0. 1 m
2。定义单元刚度为
E I / L ,各段单元的刚度为111. 11 kN·m。单元质量
矩阵采用一致质量矩阵, 结构阻尼采用Raleigh 阻
尼,假定1, 2阶阻尼比为 1= 2= 0. 03,可以计算得到
阻尼系数为 = 0. 191 9, = 0. 003 0。
图5　简支梁示意图
假设在单元 发生损伤, 单元刚度减少 20% ,
即损伤后刚度为88. 89 kN·m。由于结构的转角加




























1 111. 11 107. 13 - 3. 58　111. 11 106. 40 - 4. 24
2 111. 11 107. 75 - 3. 03 111. 11 109. 63 - 1. 33
3 111. 11 111. 06 - 0. 05 111. 11 113. 19 1. 88















钢片为200 mm×30 mm×3 mm; 2号钢片为200 mm




























刚度 k i/ ( kN·m - 1)
无损 损伤
变化量/ %
1 129. 83 131. 44 　　　1. 24
2 128. 01 130. 49 1. 94
3 124. 94 123. 47 - 1. 18
4 127. 27 123. 01 - 3. 35
5 135. 66 106. 45 - 21. 53
6 133. 08 134. 99 1. 44
7 139. 33 138. 01 - 0. 95
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nonl inear st ructur es. A base-isolated building model, consisting of a scaled shear-beam type building mod-
el mounted on a rubber-bearing isolat ion system , has been tested experimentally in the laboratory . T he
classic Bouc-Wen model is adopted to describe the nonlinear behavior of the rubber -bearing s, and the ac-
celeration and the displacement responses are measured during the tests. To simulate st ructural damages
during the test , the stif fness element device ( SED) is adopted herein to reduce the st iffness of the upper
stor y o f the model abruptly . T w o earthquake excitat ions have been used to dr iv e the test model , including
the El Centro and Kobe ear thquakes. Various damage scenarios have been simulated and tested. M easured
accelerat ion response data and the ASNLSE approach are used to t rack the variat ions o f st if fness during
the test . The t racking results for the stif fness variations ag ree w el l with that predicted by the f inite-ele-
ment method and the predicted displacements also match w ell with the experimental data. It is concluded
that the ASNLSE approach is capable o f tracking the variat ions of hysteret ic str uctural parameters leading
to the detect ion of st ructural damages, and has a pr act ical appl ication value.
Keywords　adaptive sequent ial nonlinear least square estimat ion, rubber-bearing isolated st ructure, hy s-
teret ic model , parameter ident ification, damage detect ion
Structural Damage Detection Technique with Limited Input
and Output Measurement Signals
Lei Ying
1, 2
, 　J iang Yongqiang
1
( 1. Depa rtment o f Civil Eng ineering , X iamen Univ ersit y　Xiamen, 361005, China)
( 2. State Key Labo rat or y fo r Disa st er P revention in Civ il Eng ineer ing, Tong ji Univer sity　Shanghai, 200092, China)
Abstract　To so lve the problem of st ructural damage detection w ith lim ited input and output measurement
signals, a technique based on sequent ial applicat ion of the extended Kalman est imato r and least-squares es-
timation is proposed in this paper for the ident if icat ion o f st ructure parameter s and unknown excitat ions.
Compared w ith the classical ex tended Kalman f ilter appr oach, the proposed technique can be used under
unknown excitations. St ructural damage can be detected by t racking the changes in the identif ied values of
dynam ic parameters at element lev el , e. g . , the deg rading of st if fness parameters. Numerical ex amples o f
damage detect ion of a plan t russ and a beam in finite element model and exper imental study of damage de-
tection of an 8-DOF shear framed building are used to v alidate the feasibility of proposed technique.
Keywords　str uctural parameter ident ification, st ructural damage detect ion, unknown inputs, extended
Kalman estimator , least-squares-estimat ion
Optimization of Complex Analytical Wavelet Demodulation
L iu X iaof eng
1,　Zhang K aif ei1 ,　Zhao L ing2
( 1. The State Key Labor ato ry of M echanical T r ansm ission, Chongqing Univ ersit y　Chongqing , 400044, China)
( 2. Co lleg e of Information Science and Engineer ing , Chongqing Jia otong Univ ersit y　Chongqing , 400044, China)
Abstract　In order to analyze the mul ti-component and multi-modulat ion char acter ist ics o f g earbox fault
signal, an opt imal w avelet demodulat ion method based on kurtosis and smoothness index is proposed. In
this method, M orlet w avelet t ransfo rm is used as an adaptive band-pass filter to ext ract the envelope am-
plitude of impact component in gear box v ibrat ion signal. The energy entropy is used as w avelet t ime-scale
resolut ion index to opt imize the M orlet w avelet parameters. T he improved kurtosis and smoothness index
of w avelet co ef ficient is ut ilized to determine the opt imal w avelet coef ficient . In allusion to the complex ity
and denseness problem of demodulated frequencies, The Zoom-FFT technolog y is exploited to impr ove the
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